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Abstract 
Wind and solar power production depends on available energy resources, which are not always accessible, a backup system has 
to be introduced to cover unpredictable energy deficiency in systems with large quantities of wind and solar power.  This 
publication introduces a model to simulate a system with wind power generation and electricity storage.  
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1. Introduction 
In terms of renewable energy production versus total amount of energy production, according to Eurostat[1], 
Latvia with 36.4% in year 2012 was among the top five countries in Europe, however as a part of EU, Latvia is still 
obliged to follow Directive 2009/28/EC [2] and further increase its share of renewable energy resources (RES). 
Further increase of RES in Latvia is possible if a large amount of wind and solar power is introduced in the electrical 
grid. Large amounts of stochastic energy resources must be managed to maintain the quality of electricity. Wind and 
solar power production depends on availability of energy resources, a backup system has to be introduced to cover 
unpredictable energy deficiency. In this publication a model which simulates wind power production and CAES 
system interaction is described. Input data of the model is actual electrical power production from conventional 
power plants and wind power plants from year 2013 in all Baltic countries (Latvia [3], Estonia [4], and Lithuania 
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[5]) and CAES system parameters. Three scenarios with different system characteristics, such as input data from 
wind power plants and capacity factor of wind power plants are evaluated. The aim of research is to create a model 
that can be reused for different scenarios, and to examine the possibility of CAES system usage at given conditions. 
 
Nomenclature 
Lpeak  current peak hour level, MW 
xi  actual energy consumption at time I, MW 
n  number of days  
CFavg  weighted mean capacity factor (CF) 
CFi  capacity factor in reference year 
Pi  installed wind power in reference year, MW 
Pi,sim  simulated wind power at moment I, MW 
Pinst,sim  total capacity of installed wind power stations on a simulated scenario, MW 
CFi,m2013  momentary CF on at moment i on year 2013 
CFavg,sim  weighted average CF on a simulated scenario 
CFavg,2013  weighted average CF on year 2013 
Ptot  total generation power, MW 
Pwind  wind power, MW 
PchCAES  CAES charging power limit, MW 
PdischCAES  CAES discharging power limit, MW 
ȘCAESin  CAES efficiency coefficient during charge  
ȘCAESout  CAES efficiency coefficient during discharge  
PoutCAES Energy amount discharged from CAES, MWh 
PinCAES Energy amount stored to CAES, MWh 
ECAESi-1 Energy in CAES in previous step, MWh 
ECAESi Actual energy amount available in CAES, MWh 
E Total energy amount above peak hour level, MWh 
¨t time between samples of measured power, h 
Pn actual power production at moment n, MW 
 
2. CAES potential 
Compressed Air Energy Storage (CAES) represents a promising storage technology especially on a larger scale, 
at the moment only PHS can be compared to CAES in terms of size, but it shows a greater siting flexibility 
compared to PHES together with relative low specific investment costs [6]. There are two CAES plants in operation: 
a 290 MW CAES plant operating in Germany since 1978 and a 110 MW CAES plant operating in McIntosh, 
Alabama since 1991. Both are operated as peak-demand power plants [7]. CAES has high ramp rates, McIntosh 
power plant can go from full generation to charging in 5 minutes [7]. 
The basic principle how CAES works is relatively simple. In times of surplus electricity production, CAES plants 
can absorb electricity while compressing ambient air by an electrically driven compressor. In this way energy can be 
stored in a pressurized containment of any kind [6]. Pressure is used later in a turbine to produce electricity when it 
is needed.  
An adiabatic plant offers high energy storage efficiency, and is one of the more promising green solutions; recent 
studies suggest that new thermal energy storage (TES) technology, together with latest innovations in the 
compressor and turbine systems might make so-called Advanced Adiabatic CAES (AA-CAES). One such AA-
CAES concept with a high efficiency turbine and a high-capacity TES could achieve a round trip efficiency of 
approximately 70 % [6]. 
There are several publications researching the potential of CAES integrated together with wind power systems. 
Abbaspoura et al., [7] proposes two scenarios, profit maximization with and without CAES system and cost 
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minimization with and without CAES system, indicating that CAES has a considerable effect in increasing profits in 
the first scenario while decreasing total costs in the second scenario  
The purpose of the model described in [8] is to use the developed CAES model for comparing the economics of 
three different CAES concepts. Three scenarios are analyzed: wind power plant without CAES, wind power plant 
with central, independent CAES plant and wind park with integrated, decentral CAES system. All scenarios 
considered yield negative NPVs, the wind park without CAES featuring the lowest value, leading to the conclusion 
that CAES is economically beneficial. 
3. Methodology 
The aim of the model is to represent changes in the electrical grid if large quantities of wind energy are 
introduced and the CAES system is used as an energy storage system, electrical energy is forwarded from wind 
turbines to CAES in off-peak hours and discharged in peak hours. Two states are specified in the model: peak hour 
and off-peak hour. Decisions on what to do with excess wind energy are based on the actual state in the electrical 
grid. According to data from 2013, it is observed that there is increased demand for electricity in the winter season 
and lower demand in the summer season. The maximum difference between average consumption in two different 
months, depending on the country, is usually in a range of ~250 MW to ~420 MW (see Figure 1).  It can be seen that 
there is a lower load in the summer and a higher load in the winter season mainly due to electricity usage for heating 
and lighting in winter. On a daily basis consumption differences between off-peak hours and peak hours are even 
larger.  
 
Fig. 1. Average generation power, Baltic countries, year 2013. 
An algorithm is introduced to calculate peak hour level at time i which depends on actual consumption in 
previous 30 days (1).  
 ܮ௣௘௔௞തതതതതതത ൌ
෌ ௫೔
೙
೔సబ
௡
 (1)
Output data is analyzed starting from day 31 when the peak hour level can be calculated. A description of CAES 
operation in the model is given below. During off-peak hours: 
1. Wind energy is stored in CAES until the system is full and cannot accumulate more compressed air. 
2. If CAES system is full, electrical energy is directly fed into the grid.  
Model operation during peak hours: 
3. Wind and/or CAES energy is fed into the grid if electricity demand is above peak level. 
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4. If more wind energy is produced than can be consumed, it is used in CAES. 
3.1. Installed basis of wind power 
According to the International Energy Agency [9], the installed wind power basis increases by ~ 10 GW annually 
in Europe. As it can be seen in Figure 2, the relative increase (new installed wind power capacities compared to 
previous year) in the last decade continuous to fall year by year. If such tendencies continue to evolve, the 
installation of new wind parks will stop by 2030 at the latest. Long-term predictions of wind power generation 
capacities are not very explicit. In the model assumptions about the installed basis of wind power in the Baltic States 
are based on future potential projects to get it as close as possible to the actual situation. 
In scenario 2013 an installed basis of wind power plants in the current situation is used as an input to the model. 
Scenario 2020 assumes that an additional 302 MW of wind power is installed in Latvia, 600 MW in Estonia and 275 
MW in Lithuania. In scenario 2050 Latvia has an increment of 222 MW of onshore and 900 MW of offshore 
compared to scenario 2020, additionally 300 MW in Estonia and 200 MW in Lithuania which would give a total of 
3365 MW. Figure 3 represents wind power increase in the Baltic States for every scenario and the summary. Total 
installed basis by year 2050 would reach ~ 3.5 GW.  
 
 
Fig. 2. (a) Wind power installation statistics, (b) Wind power in different scenarios. 
3.2. Capacity factor of wind farms 
According to Madlener & Latz [8] the cost of wind power generation is highly related to the CF (Capacity 
Factor). The cost of generating energy is expected to decrease by 26 % on land and 52 % off shore by 2050, 
assuming the capacity factor increases from 26% to 31% on land and 36% to 42% off shore, according to [8] 
relatively low increase in CF gives a notable decrease in cost of energy generation. 
Assuming 570 MW of wind power till June and 640 MW afterwards, CF on year 2013 for the Baltic States is 
0.22 which, compared to other systems (reaching even 0.4), is quite low.  
The CF depends on the quality of wind resource and the technical characteristics of the wind turbines [8]. An 
overall efficiency of a wind power plant depends on various factors: geographical constraints, technical solution, 
wind speed, height of wind turbine, etc. The long term distribution of wind speeds is known to depend on 
meteorological phenomena. Capacity factors based on yearly output do not reflect the long term potential of a region 
because these factors are likely to evolve. According to Wolf & Budt [6], CF is 26 % and 36 % for on land and off 
shore wind farms, respectively. The ratio between overall average CF and measured CF in the Baltic States is used 
when a future CF is predicted. The ratio between average CF [6] and mathematically attained in the Baltics is 22 
%/26 % = 0.84 on land. As for year 2020, CF estimation from source [10] is 28 %. Taking into account the 
previously mentioned ratio that takes into account local characteristics of wind power generation, the average CF 
that is used in model for turbines installed till year 2020 is 23.52 % (increase by 1.52 % from year 2013). According 
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to [10] by 2050, the capacity factor increases to 30 %. Therefore the average CF in model for wind power stations 
by 2050 is 25.02 %. 
The time at which a wind turbine was actually installed is taken into account when calculating CF for the whole 
system in every scenario, average weighted value is used as input. See formula (2). 
 ܥܨܽݒ݃ ൌ σ ሺ஼ி௜כ௉௜ሻ
೙
೔సభ
σ ሺ௉௜ሻ೙೔సభ
(2)
3.3. Wind power simulation 
A momentary wind power curve for every scenario is simulated based on CFavg,sim and momentary wind power 
measurements on year – 2013. The following formula (3) is used: 
௜ܲǡ௦௜௠ ൌ ௜ܲ௡௦௧ǡ௦௜௠ ή ሺܥܨ௜ǡ௠ଶ଴ଵଷ ൅ ܥܨ௔௩௚ǡ௦௜௠ െ ܥܨ௔௩௚ǡଶ଴ଵଷ (3)
Source data consists of actual power generation measurements from Estonia, Latvia and Lithuania in year 2013 
with a sample rate of 1 hour, assumption for the model is made that actual power is equal to the sampled power at 
the moment when sample is taken, and is the same for the following hour. 
3.4. Power of installed CAES system  
A 300 MW AA – CAES system with round trip efficiency of 81 % is used in the model. Roundtrip efficiency 
includes losses while charging and discharging, the assumption is made that the system is charged with an efficiency 
of 0.9 and discharged with an efficiency of 0.9, maximum discharge of power taking into account efficiency would 
be 270 MW. An assumption is made that the CAES system has 60 000 MWh of storage in terms of energy capacity. 
CAES capacity is constant in all scenarios. 
Formula (4) is used to represent actual energy storing power PinCAE. If total generation power [Ptot], including 
wind power [Pwind] is less than calculated peak hour level [Lpeak], a comparison [Pwind] < [PCAES] is made to 
determine whether all [Pwind] can be stored or the limitation is CAES charging power [PchCAES], otherwise no energy 
is stored in CAES. In calculations CAES efficiency coefficient [ȘCAESin] is used. 
௜ܲ௡஼஺ாௌ ൌ ܫܨሺ ௧ܲ௢௧ ൏ ܮ௣௘௔௞Ǣ ܫܨሺ ௪ܲ௜௡ௗ ൏  ௖ܲ௛஼஺ாௌǢ ௪ܲ௜௡ௗ ή ܥܣܧ ௜ܵ௡ఎǢ ஼ܲ஺ாௌ ή ܥܣܧ ௜ܵ௡ఎሻǢ Ͳሻ (4)
Discharge of the CAES system is described with formula (5). All power above peak level is compensated by Pwind 
primarily and then by CAES system if there is energy available. If PinCAES is equal to zero (no energy is being stored 
to CAES system at the moment, and all Pwind is used) the necessary power to be compensated is calculated – the 
difference between power demand and peak hour level: Ptot - Lpeak, if this level is less than the output power of 
CAES system PCAESdisch discharged amount of energy - PoutCAES is equal to difference - Ptot - Lpeak, in case more 
energy than CAES system can give is necessary PoutCAES is equal to PCAESdisch. In calculations CAES efficiency 
coefficient [ȘCAESout] is used. 
௢ܲ௨௧஼஺ாௌ ൌ ܫܨሺ ௜ܲ௡஼஺ாௌ ൌ ͲǢ ܫܨሺ ௧ܲ௢௧ െ ܮ௣௘௔௞ ൏
஼ܲ஺ாௌௗ௜௦௖௛Ǣെሺ ௧ܲ௢௧ െ ܮ௣௘௔௞ሻ ή ܥܣܧܵ௢௨௧ఎǢെ ஼ܲ஺ாௌௗ௜௦௖௛ ή ܥܣܧܵ௢௨௧ఎሻǢ Ͳሻ (5)
Formula (6) represents actual amount of energy at moment i in CAES system.  
ܧ஼஺ாௌ௜ ൌ ܫܨሺ ௜ܲ௡஼஺ாௌ ൌ ͲǢܧ஼஺ாௌ௜ିଵ ൅  ௢ܲ௨௧஼஺ாௌǢܧ஼஺ாௌ௜ିଵ ൅ ௜ܲ௡஼஺ாௌሻ (6)
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4. Results 
In scenarios 2020 and 2050 the bottleneck of the system is the size of CAES in terms of charge and discharge 
power. The following Figure 3 shows accumulated energy in CAES throughout the year in all three scenarios. In all 
scenarios there are occasions when the system is fully discharged. In scenarios 2020 and 2050, even when installed 
wind power is assumed to be larger, the CAES system is rarely reaching its maximum possible capacity, which 
indicates that selected size of CAES system would be sufficient to store energy from wind power plants of nominal 
power ~3.5 GW. 
 
Fig. 3.  Accumulated energy in CAES. 
The total amount of energy that would be necessary from CAES system and wind power plants together to 
compensate energy needs above peak hour level would be 1768 GWh, which is calculated by Formula (7) on year 
2013, where actual consumption data is available. 
 ܧ ൌ οݐ ή σ ܲ݊ே௡ୀଵ   (7) 
As can be seen in Figure 5, power demand curve peaks are often above CAES system output power – 270 MW, 
to completely cover all peaks it would be necessary to build CAES system with maximum output power of 988 
MW. Since CAES system can operate together with wind power plants, actual peak that has to be covered by CAES 
depends on installed wind power plant capacity which is different in every scenario. Availability of wind and CAES 
power increases in every scenario. In scenario 2050 availability of CAES and wind power during peak hours is 93%. 
Figure 5 represents actual power above peak hour level to be withdrawn from conventional power generation 
systems in four scenarios during period 01.07–14.07. Base is peak hour level, which is always different in terms of 
absolute value, and Figure 5 shows power curves only above the peak hour level. Base scenario represents system 
with power generation from conventional power plants if neither CAES nor wind power is available in the system. 
In scenarios 2013, 2020 and 2050 system is simulated with CAES and wind power. It can be seen that in scenarios 
2020 and 2050 there are occasions where CAES and wind can totally cover power demand above the peak hour 
level. In Scenario 2050, the energy amount retrieved from CAES and wind covers 73 % of what is needed above peak 
hour level. 
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Fig. 4. Power consumption from conventional power plants. 
In Scenario 2050 only 7 % of cases when CAES and/or wind energy is necessary it is not available at all. Power 
from conventional systems is still needed when low power production from wind power plants coincide with high 
power demand above peak hour level, in this case limitation is CAES system maximum power output – 270 MW. 
5. Conclusions 
1. A model for CAES operation is proposed in this publication, which is applied for three different scenarios. The 
difference among the scenarios is the basis of installed wind power. Wind power generation curves are simulated 
based on power generation data from the year 2013. 
2. The model described in the research can be applied for different applications by changing input variables: CAES 
system nominal power, capacity, generation and storing efficiency coefficients, wind generation power, capacity 
factor of wind farms, peak hour level, actual measurements of power generation. 
3. Based on simulation results CAES with nominal storage capacity 60 000 MWh is sufficient for a system with 
~3.5 GW wind power installation and under these conditions CAES would be in operation most of the time. 
4. CAES system with a nominal power of 300 MW is not sufficient for a system with ~3.5 GW wind power and is 
undersized. In order to use all wind power, a CAES system with larger nominal power would be necessary. 
5. The model can be improved by adding technical operation (CAES startup time, transition time from one 
generation power to other, down time, etc.) data of power generation technologies, formula which represents 
consumption increase in future, energy price factors and weather conditions. 
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